In contrast, our understanding of the mechanisms the developing mammalian brain that helps sculpt the controlling the fifth type of event, the stereotyped prunpattern of neuronal connections. The mechanisms coning of projections to temporary target regions, is much trolling stereotyped pruning are, however, poorly unmore fragmentary. (In this paper, we will refer to this derstood. Here, we provide evidence that semaphopruning as "stereotyped pruning", to distinguish it from rins, activating the Plexin-A3 receptor, function as the local pruning of subsets of branches that occurs retraction inducers to trigger-stereotyped pruning of within target regions to regulate terminal arborization.) specific hippocampal mossy fiber and pyramidal axon disappears.
define the timing of IPB shortening, we studied twentyof the IPB length ("a" in Figure 2C ) to the length of CA3 ("b" in Figure 2C ), providing a "normalized IPB length". two animals at ages between P20 and P30. Shortening was not consistently observed at any particular age;
This ratio helps compensate for the change in shape of the hippocampus across its septo-temporal extent, so rather, the percentage of animals with short IPBs increased progressively with age (data not shown). Furthat the standard deviation in normalized IPB ratios obtained from different sections of a given animal (excludthermore, we rarely observed animals with an IPB of intermediate length (5/22 animals); in most cases (17/ ing the septal and temporal poles), was less than 5% of the mean value (data not shown). The use of a ratio 22), the IPB was either long or short (data not shown), suggesting that shortening occurs quickly. also compensates for changes in size of the hippocampus during development. Using this measure, we found that in wild-type animals a dramatic decrease in normalThe IPB Fails to Undergo Shortening in Plexin-A3 and Neuropilin-2 Mutant Mice ized IPB length occurs between P20 and P30, whereas in Plexin-A3 or Neuropilin-2 mutant animals there is no We next examined the basis for the abnormally long IPB seen in Plexin-A3 and Neuropilin-2 mutant mice. At P10 significant change ( Figure 2D ). and P20, the IPB in Plexin-A3 (Figure 2A ) or Neuropilin-2 ( Figure 2B ) mutant mice is similar in length to the IPB IPB Shortening or Maintenance Is Not Controlled by Apoptosis, Neurogenesis, in wild-type animals. However, whereas by P30 the wildtype IPB has become short, the IPB in Plexin-A3 or or Neurodegeneration The normal shortening of the IPB during development Neuropilin-2 mutant animals remains long, and persists in length at P45 (Figures 2A, 2B, and 2D) .
is suggestive of pruning, and the defects in Plexin-A3 mutant mice suggest a failure to prune. It seemed possiWe quantified the shortening by calculating the ratio 
ble, however, that effects on apoptosis or neurogenesis
Together, these results appear to exclude effects on apotosis or neurogenesis in normal shortening of the could contribute to the observed effects as well.
We first examined whether cell death contributes to IPB or its maintenance in Plexin-A3 mutant mice and support the idea that normal IPB shortening is due to normal IPB shortening, using TUNEL staining. Both qualitative (Supplemental Figure S1A available at http:// stereotyped axonal pruning, and its failure in Plexin-A3 mutants is due to a failure to prune. www.cell.com/cgi/content/full/113/3/285/DC1) and quantitative (Supplemental Figure S1C available Figure 4A ). examined the expression of its mRNA and that of other To monitor random X inactivation, we used a transPlexin-As at P25, during the IPB pruning period. Plexingenic mouse with green fluorescent protein inserted on A1, -A2, and -A4 are expressed in the pyramidal cell the X chromosome (X-GFP; Hadjantonakis et al., 2001). layer, whereas Plexin-A2, -A3, and -A4 are expressed GFP immunohistochemistry showed high-level expreswithin the dentate granule cell layer (Figures 3A-3D) .
sion of the reporter within all cells ( Figure 4B ). In conInterestingly, Plexin-A2 is expressed throughout the trast, no immunoreactivity was observed when using granule cell layer, whereas Plexin-A3 is expressed in its this antibody on sections from homozygous Plexininner third, where the youngest granule cells are located, A3 mutant mice ( Figure 4C) To identify wild-type and mutant axons in compound are consistent with axons within the IPB being exposed heterozygous females, we used antibodies to GFP to Sema3F during the pruning period.
(green) and calbindin (red). Yellow axons contain both Interestingly, whereas Sema3F is expressed widely in calbindin and GFP and thus originate from dentate granthe prenatal hippocampus (Ché dotal et al., 1998), it then ule cells expressing wild-type Plexin-A3, whereas red appears to be dramatically downregulated, so that at axons contain only calbindin and therefore originate P10 and P15 its expression in the pyramidal cell layers from dentate granule cells expressing the mutant Plexinis undetectable ( Figure 3H To examine whether Plexin-A3 is required generally for than Sema3F to direct the pruning.
pruning, we examined layer V cortical neurons, which To test for involvement of Plexin-A3 in the pruning, undergo extensive stereotyped pruning (see Introducwe examined Plexin-A3 mutant mice. We labeled the tion). Plexin-A3 is expressed in layer V cells in visual medial septal projection retrogradely, injecting DiI into cortex during that period (data not shown). When DiI medial septum and examining whether any pyramidal crystals were placed in visual cortex at P7 (before normal neurons in CA1 (identified by cell body morphology in pruning), labeled axons were seen in the spinal cord of the stratum pyramidale) were labeled. At P0, DiI placeboth wild-type (n ϭ 3) and mutant (n ϭ 3) mice. When ment in medial septum results in retrograde labeling of they were placed at P15, when pruning should be largely CA1 pyramidal cells in both wild-type (n ϭ 6; Figure 6B) complete, labeling in superior colliculus but not spinal and Plexin-A3 mutant (n ϭ 5; Figure 6C ) animals. By P8, cord was seen in both wild-type (n ϭ 3) and mutant pruning of fibers in the medial septum has taken place (n ϭ 3) animals, indicating that pruning of the spinal in wild-type mice (Super and Soriano, 1994; Linke et al., projection occurs normally in the mutants. We verified 1995), so that DiI placement in medial septum no longer that adequate time was given for dye diffusion by placing retrogradely labels cells in CA1 (n ϭ 7; Figure 6E ). ImporDiI in the motor cortex of P15 mutants and observing tantly, in Plexin-A3 mutant mice at P8 many CA1 pyramicorticospinal tract labeling in the spinal cord (n ϭ 3). dal cells were retrogradely labeled (n ϭ 10; Figure 6F) , Thus, the Plexin-A3 mutant does not have a global deindicating that these cells still project inappropriately fect in axonal pruning. to medial septum. Thus, pruning of the medial septum projection is defective in Plexin-A3 mutant mice, alSema3A Induces Hippocampal Pyramidal Axon though we cannot exclude that some pruning occurs Shortening and Branch Pruning In Vitro because the method is not quantitative. We also placed We next examined whether the in vivo defects in pruning DiI in the lateral septum at P8 ( Figure 6G ) in wild-type in the mutant mice could be explained by the direct (n ϭ 4) and in Plexin-A3 mutant (n ϭ 4) animals; CA1 actions of semaphorins on branches, by developing in pyramidal cell neurons were retrogradely labeled in both vitro assays for hippocampal pruning. The first pruning ( Figures 6H and 6I) , showing that branching of CA1 axevent we had studied, that of the IPB, occurs between ons and appropriate targeting of the lateral septum oc-P20 and P30, when dentate granule cells are difficult curs normally in the mutants. After DiI placement at P15, to culture. We therefore focused on the hippocampono CA1 pyramidal neurons were retrogradely labeled septal pathway, because CA1 pyramidal neurons can from medial septum in wild-type animals (n ϭ 3), but be readily cultured at perinatal stages. many were in Plexin-A3 mutants (4 of 5 brains tested),
In a first experiment, we cultured microdissected exshowing that pruning was still impaired at P15 (data not plants of the CA1 region obtained from E17.5 mice in shown). The same was true in 8 of 10 P20 mutants that collagen gels. After 72 hr, axons had extended from the were examined (data not shown).
explants into the collagen (Figures 7A and Supplemental As for the IPB pruning defect, we examined whether Figure S5 available at above website). These axons were this hippocampo-septal pruning defect was cell-autonomostly from pyramidal neurons, since only a few exmous using the same type of mosaic analysis in P8 pressed the vesicular GABA transporter (data not compound heterozygous female mice. Small focal injecshown), a marker for interneurons (the other main neutions of DiI (red) were made into the medial septum and ronal population in CA1). Explants were then exposed allowed to diffuse to the hippocampus. GFP expression to Sema3A-or Sema3F-containing media or control mein labeled cells was detected by immunostaining (green) dium and cultured for another 16 hr. The cultures were to determine whether the labeled CA1 neurons were then fixed and compared to control cultures that had wild-type (yellow) or mutant (red) ( Figure 6J ). DiI-positive been fixed after the first 72 hr ( Figure 7A and Supplemen-CA1 neurons were found in seven of the ten animals tal Figure S5A available at above website). The ratio of tested ( Figure 6K ). None expressed GFP (i.e., all were axon lengths for explants treated with control media red; n ϭ 112) (Figure 6K ), indicating that they were func-(control, t ϭ 16 hr) to explants fixed at t ϭ 0 hr was 1.04 tionally mutant for Plexin-A3, consistent with the pruning defect being cell-autonomous.
( Figure 7A ), indicating that axons do not grow signifi- Sema3F-, or control medium for 16 hr, the cells that had been photographed were located again and rephotoWhen these experiments were repeated with explants from Plexin-A3 mutant mice, the effect of Sema3A was graphed, and changes in morphology were assessed ( Figure 7B ). Sema3A-containing medium caused the lost (ratio of lengths ϭ 0.98). (The small effect of Sema3F was also reduced [ratio ϭ 1.0] but this change did not vast majority of pyramidal cells to retract portions of their axonal structure, as shown for three neurons in achieve significance). Thus, exposure to Sema3A (and to a much lesser extent, Sema3F) can cause CA1 pyramidal Figure 7C (retracted branches indicated by red arrowheads) (see also Supplemental Figure S5B available at axon shortening, apparently through a receptor mechanism involving Plexin-A3. As a control, we performed http://www.cell.com/cgi/content/full/113/3/285/DC1), and quantified in Figure 7B . In contrast, in control mesimilar experiments using explants of dorsal root ganglia to study a population of Sema3A responsive cells that dium most neurons either remained unaltered or actually increased in size (Figures 7B and 7C ; data not shown). do not undergo pruning in vivo. When explants were cultured with control medium, the halo continued to Sema3F-containing medium also caused a reduction in axonal length, but in fewer neurons ( Figure 7B ) and to expand (ratio of lengths for explants at t ϭ 16 hr to those fixed at t ϭ 0 hr was 3.1). Sema3A did not induce a a lesser extent than with Sema3A (data not shown). To confirm that the apparent change in morphology did not retraction of the axons, although it did slow the continued expansion (ratio of lengths: 1.7; p Ͻ 0.0.00001).
simply represent a redistribution of the GFP marker, some Sema3A-treated cultures were stained with antiSema3F did not have a statistically significant effect (ratio of lengths: 2.8; p ϭ 0.11 compared to controls).
Tau or anti-class III ␤-tubulin antibodies or with rhodamine-conjugated phalloidin, to visualize axonal arbors Thus, Sema3A does not necessarily cause axonal retraction in vitro, even for axons that it is well known to repel.
directly; the staining patterns were identical to those seen with GFP fluorescence (data not shown). The same To examine semaphorin effects with greater cellular resolution, we developed a dissociated cell assay (Figwas true when the cells were stained with an antibody to Neuropilin-1, which labeled all processes, including ure 7B). Dissociated pyramidal neurons grown in vitro generally retain their in vivo morphology (Banker and those that did not retract in response to Sema3A (data not shown). Thus, differences in expression of NeuropiCowan, 1979). We therefore prepared low density cultures from E17.5 embryos and allowed the neurons to lin-1 by different branches do not explain why some retract and others don't. extend branched axons over 5 days, with the idea that the cells would be comparable to P3 hippocampal neu-TUNEL staining did not show significant differences in the numbers of hippocampal cells undergoing apoptosis rons (a time when CA1 processes are undergoing pruning in medial septum). At E17.5, the hippocampus is between Sema3A-, Sema3F-, and control-treated cultures at 16 hr or even 48 hr posttreatment (data not enriched in CA1 pyramidal neurons relative to CA3 pyramidal or dentate granule neurons (Altman and Bayer, shown), indicating that semaphorins did not stimulate apoptosis, at least at the concentrations used here. This 1990), so that a large fraction of the neurons in culture were likely to be CA1 pyramidal cells. This was conwas confirmed by preincubating the cultures with the general caspase inhibitor VAD-fmk. Levels of apoptosis firmed by immunostaining with antibodies to either Prox-1 or GAD-65, which showed that only a small perwere reduced when compared to cultures preincubated with control medium (data not shown), but there was no centage of the neurons in the cultures were dentate If Plexin-A3 functions cell autonomously to direct pruning, defective (i.e., long) axons in the IPB should not express GFP and hence all be red (I), whereas the presence of yellow axons-expressing both GFP and calbindin-would indicate that wild-type axons can be defective as well, a nonautonomous effect (H). (J and K) In chimeric mice obtained as described, wild-type mossy fibers (yellow) are seen in the dentate gyrus (DG), in the main mossy fiber pathway that travels above the pyramidal cell layer, and in the portion of the IPB that is close to the dentate gyrus. However, the distal portion of the IPB that is only seen in mutant hippocampi consists exclusively of mutant mossy fibers (red) (J; K shows higher magnification of boxed area in G). Note that the apparent discontinuity in axon bundles reflects the fact that this is a 0.5 m optical confocal section of a 40 m vibratome section; it is not a real discontinuity in the axons. Scale bar is equal to 300 m, 80 m, 100 m, 40 m in (B-D), (E-G), (J), and (K) , respectively. Thus, Sema3A does not produce its pruning effect by stimulating apoptosis.
To determine whether the pruning occurred through retraction or degeneration, we inspected cultures at various times after Sema3A treatment (2, 4, 6, and 8 hr). We did not observe an increase in axon blebbing at any of these times, suggesting that axons were retracting rather than degenerating (data not shown). In contrast, cultures challenged with glucose deprivation or acidotic media, which induced necrosis, showed extensive blebbing of a majority of cells (data not shown). Thus, Sema3A-mediated retraction is unlikely to reflect a toxic effect of the ligand.
To test involvement of Plexin-A3 in semaphorininduced pruning, we repeated the experiments using cultures derived from Plexin-A3 mutants. The pruning effects of Sema3A and Sema3F were almost completely eliminated in these cultures ( Figure 7B ). The behavior of cells appeared otherwise comparable to those in wildtype cultures; for instance, the basal levels of apoptosis and their change in response to glucose deprivation or acidotic media were the same in both control and mutant cultures (data not shown). These results are consistent with semaphorin-induced pruning in these cultures being mediated by a Plexin-A3-dependent receptor mechanism.
Discussion
The stereotyped pruning of axonal branches that project to temporary targets is a widespread phenomenon in the mammalian nervous system but its molecular control is poorly understood. In particular, it has been unclear whether stereotyped pruning is simply preprogrammed in the neuron or regulated by extrinsic signals, and, if the latter, whether such extrinsic signals include retraction inducers. Our studies support the existence of retraction inducers as triggers for stereotyped pruning in vivo, and identify class 3 semaphorins, functioning via neuropilin/ plexin receptor complexes, as mediators of this function (Figure 8 ).
Plexin-A3 Is Required for Stereotyped Pruning of Hippocampal Projections
Our in vivo analysis provides strong evidence for control of stereotyped pruning of two temporary hippocampal pruning period (P0 and P8, respectively) suggests that a large fraction of the projection-if not the entire projection-fails to prune.
The extent of defective pruning can be more easily apparent change in the amount of pruning after Sema3A addition ( Figure 7B and data not shown) . We also TUNEL assessed in the case of the infrapyramidal bundle, which can be directly visualized. We discovered and report stained cultures that had been treated with Sema3A and scored for retraction. Most cells undergoing retraction here that this bundle is initially long, extending about two-thirds the length of CA3, then shortens dramatically (81%, n ϭ 42) were TUNEL-negative and therefore unlikely to be undergoing apoptosis (data not shown).
between P20 and P30 to assume its adult length. This occurs without obvious changes in dentate granule cell as late as P60 (n ϭ 3). Thus, Plexin-A3 is absolutely required for IPB pruning to occur. neurogenesis or apoptosis, consistent with shortening occurring by pruning. Interestingly, IPB pruning occurs seemingly stochastically between P20 and P30, sugSemaphorins as Retraction Inducers Functioning via Plexins gesting that multiple mechanisms regulate the pruning-perhaps even activity-dependent mechanisms. In
Since Plexin-A3 is expressed in many different cells in the hippocampus during its development, the pruning Plexin-A3 mutants, however, no evidence of pruning was observed during the normal pruning period, or even defects observed in Plexin-A3 mutant mice could reflect to retract, and analysis at intermediate time points failed In the case of the hippocampo-septal projection, the to reveal any blebbing of axons that is characteristically evidence suggests that the pruning is stimulated by associated with degeneration. It should be emphasized Sema3A, presumably acting via a Neuropilin-1/Plexinthat these in vitro observations do not prove that pruning A3 receptor complex. Direct evidence was obtained in in vivo is caused by retraction rather than degeneration. vitro, where Sema3A was found to stimulate a reduction However, our failure to detect silver-stained product in the diameter of the axon halo emanating from CA1 during IPB pruning in vivo argues against degeneration explants as well as the retraction of branches by dissocibeing the mode of IPB axonal pruning. Alternatively, if ated CA1 neurons-both effects abolished by loss of degeneration occurs, it must be sufficiently different Plexin-A3. Interestingly, Sema3F had only a modest refrom pathological degeneration to prevent the formation traction-stimulating effect in both assays, even though of a silver stain reaction product. Sema3F-secreting cells can cause repulsion of CA1 axons from hippocampal explants (Cheng et al., 2001 ).
Timing and Branching Selectivity of Pruning This may represent an age difference, as the repulsion In addition to defining the mode of pruning, two other assays were performed with younger (E17.5) explants; features of the pruning process demand explanation. alternatively there may be differences in the signaling
The first is what sets the timing of the pruning. Our mechanisms for repulsion and axonal pruning. In any results suggest that pruning is triggered by the appearcase, these results suggest that Sema3A is the more ance of the semaphorin ligand. In the case of the IPB, likely stimulator of pruning in vivo, an idea supported we found that expression of the mRNA for Sema3F, by two observations. First, Sema3A but not Sema3F is which is present throughout the hippocampus prenaexpressed at the appropriate time in the region of the tally, is lost postnatally, and returns in the stratum oriens medial septum where pruning occurs. Second, no deonly starting around P20, coincident with the onset of fects in pruning of this projection were observed in Neu-IPB pruning. One fascinating feature of this return of ropilin-2 mutant mice. Unfortunately, it is not possible expression of Sema3F in a subset of interneurons is the to determine whether a predicted defect in pruning of seemingly stochastic nature of the onset of expression. this projection is present in Neuropilin-1 mutant mice, No animals prior to P20 were noted to express Sema3F since they die at midgestation (Kitsukawa et al., 1997) .
in this pool of interneurons (N ϭ 0/6); half of the animals The finding of a role for Class 3 semaphorins in trigat P20 had started to express Sema3F (N ϭ 2/4) and all gering pruning extends the range of functions of these the animals at P23 or older (N ϭ 6/6) expressed Sema3F. molecules, which to date have been implicated in a This timing seems to parallel our finding that IPB pruning variety of other inhibitory axon growth and guidance appears to occur stochastically (but fairly quickly once functions. Our results provide evidence that chronic exinitiated) after P20 but before P30. It is tempting to specposure of axons to a nonlocalized source of Class 3 ulate that pruning starts a few days after the onset of semaphorins can lead to axonal branch retraction in detectable Sema3F transcript expression. Similarly, in vitro and also apparently in vivo. 
